The lateral line and its associated sensory nerves develop from cephalic epithelial thickenings called neurogenic placodes. In the zebrafish, the transcription factor neurogenin 1 is essential for the generation of the sensory ganglion from the placode, but is dispensable for the migration of the primordium and the initial development of neuromasts. We find that inactivation of the gene encoding neurogenin 1 leads to the development of over twice the normal number of neuromasts along the posterior lateral line of zebrafish larvae. Mutation of the gene encoding another transcription factor, sox10, has a similar effect. After a normal number of proneuromasts is initially deposited by the migrating primordia, interneuromast cells divide and differentiate to form the extra neuromasts. Our results indicate that the development of these intercalary neuromasts occurs principally because of the absence of neural crest-derived peripheral glia, which evidently inhibit the assembly of interneuromast cells into neuromasts.
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acousticolateralis system ͉ hair cell ͉ neurogenin T he octavolateralis sensory system of an aquatic vertebrate includes both the internal ear and the lateral-line system, the latter serving to detect mechanical disturbances in the surrounding water (1) (2) (3) . The lateral line comprises a stereotyped array of sensory structures called neuromasts, each containing mechanoreceptive hair cells as well as supporting cells. During the embryonic development of the zebrafish, cephalic ectodermal placodes generate both the neuromasts and their sensory ganglia (4) . The posterior lateral-line placode contains Ϸ120 cells, the caudal three-quarters of which constitute the first primordium that initiates a posteriorward migration Ϸ20 h postfertilization (hpf) (5, 6) . The first primordium completes its journey to the animal's tail at Ϸ40 hpf, leaving behind seven to nine proneuromasts and a trail of interneuromast cells connecting them (7, 8) . Soon thereafter, a second, smaller primordium begins to migrate along the same path, depositing two or three proneuromasts over the rostral part of the trunk (8, 9) . Neuromasts of the posterior lateral line mature progressively from head to tail; by the fifth day of development, 9-11 neuromasts contain functional hair cells. The system later gains complexity through the development of additional neuromasts and the growth and elongation of existing clusters (10) .
The rostral portion of the posterior lateral-line placode forms a sensory ganglion (6), whose development depends on the activity of the transcription factor neurogenin 1 (11) . The somata of neurons in this ganglion remain near the origin of the placode, but extend axons along the path followed by the lateral-line primordia (6, 12, 13) . The lateral-line nerve, in turn, serves as a scaffold to guide the migration of a subset of neural crest-derived peripheral glia associated with the lateral line (14) . Although sensory axons are dispensable for the migration of the primordia and the initial development of neuromasts, the consequences of an absence of glia on the postembryonic development of the lateral-line organ are not known. Here, we take advantage of mutations that alter the number of glial cells to address this issue.
Materials and Methods
Zebrafish Strains and Husbandry. Zebrafish were maintained in our facility under standard conditions. Wild-type fish were of the Tup Longfin or Tübingen strains. Animals mutant for the gene encoding neurogenin 1, a gift of N. Hopkins (Massachusetts Institute of Technology, Cambridge), carried the hi1059 allele (15) . KC66 transgenic animals (16) expressing histone 2B-GFP and mutants bearing the m241 allele of the gene encoding sox10 (17) were obtained from the Zebrafish International Resource Center (Eugene, OR).
Morpholino Oligonucleotides. Morpholinos (11) directed against the mRNA encoding neurogenin 1 (5Ј-ACGATCTCCATTGT-TGATAACCTGG-3Ј) were purchased from Gene Tools (Corvalis, OR). Diluted to a concentration of 500 M in 1ϫ Danieau's solution, the morpholinos were injected into one-to four-cell embryos of three different wild-type strains: Tup Longfin, Tübingen, and the histone 2B-GFP transgenics in an AB background strain. Uninjected embryos maintained identically served as controls.
Labeling Procedures and Imaging. Immunohistochemical and vital labeling of hair cells were conducted as described (8) . Antisera and monoclonal antibodies were used at the following dilutions: rabbit anti-claudin b, 1͞500; rabbit anti-parvalbumin 3, 1͞2,000; rabbit anti-phosphohistone H3 (Upstate Biotechnology), 1͞1,000; mouse monoclonal antibody 6D2, 1͞5; mouse monoclonal antibody HCS1, 1͞20; and rat anti-␣-tubulin (AbCam), 1͞1,000. Fluorescein-and Texas red-labeled donkey anti-mouse, -rat, and -rabbit immunoglobin secondary antibodies (The Jackson Laboratory) were used at a dilution of 1͞200. TO-PRO 3 was purchased from Molecular Probes. Specimens were examined with a Zeiss Axioplan II microscope and images were acquired with a Nikon Coolpix-995 digital camera. Confocal images were obtained with a BioRad MRC-1024ES scan head on a Zeiss Axiovert microscope or with a Zeiss Meta510 system.
For live imaging, animals mutant for the gene encoding sox10 were incubated in fluorescein-labeled ceramide (Molecular Probes) for 12 h at 28.5°C in the dark, then rinsed and kept in system water until analysis. Each larva was mounted on a glass coverslip, covered with 1% low-melting-point agarose in a 610 M solution of the anesthetic 3-aminobenzoic acid ethyl ester, and imaged with a confocal system mounted on an inverted microscope.
Statistical results are provided as means Ϯ standard deviations for the indicated number of observations.
Results
Mutant Fish Develop Supernumerary Neuromasts. The posterior lateral-line placode gives rise to the first migratory primordium and a sensory ganglion. Although blocking the production of the basic helix-loop-helix transcription factor neurogenin 1 with morpholinos prevents the formation of the sensory ganglion, this procedure does not affect the initial development of neuromasts (11) . However, it is not known how a lack of innervation affects Abbreviations: hpf, hours postfertilization; dpf, days postfertilization. *To whom correspondence should be addressed. E-mail: hudspaj@rockefeller.edu.
© 2005 by The National Academy of Sciences of the USA the postembryonic development of neuromasts. We observed that a mutation in the neurogenin 1 (ngn1) gene leads to the formation of supernumerary neuromasts along the posterior lateral line of zebrafish larvae ( Fig. 1 A and B) . The average number of neuromasts along one side of an ngn1 mutant at 6 days postfertilization (dpf) is 23.2 Ϯ 1.7 (n ϭ 6), over twice the complement of 10.7 Ϯ 1.1 (n ϭ 10) characteristic of wild-type animals. We reproduced this phenotype by injecting morpholinos directed against the ngn1 transcript (Fig. 1C) .
One possible explanation for the presence of supernumerary neuromasts is that the lack of neurogenin 1 function increases the number of primordial cells before migration begins, for example by biasing the development of the entire placode into nonneuronal cell fates. To address this point, we doubly labeled wild-type and ngn1 mutant embryos at 24 hpf with an antibody to claudin b to identify the primordium (8) and with TO-PRO 3 to mark cellular nuclei. We found only a modest increase in the number of primordial cells in the mutants: 115 Ϯ 12 (n ϭ 10) for ngn1 larvae compared to 106 Ϯ 11 (n ϭ 10) for wild-type animals ( Fig. 1 D and E) . The observed increment in cell number cannot by itself account for a complete duplication of the neuromasts in ngn1 mutants.
Cells in the first primordium of the posterior lateral line characteristically undergo mitosis during migration; even after depositing approximately six neuromasts with Ϸ30 cells apiece, the primordium still contains 70-90 cells when it reaches the tail of the fish, where it produces two or three terminal neuromasts (18) . A second possibility to explain the elevated number of neuromasts in ngn1 mutants is that their primordia are mitotically more active. We tested this possibility in two complementary ways. First, we used an antibody against the phosphorylated form of histone H3 to score the number of primordial cells entering mitosis in wild-type and ngn1 mutant animals (Fig. 1 F  and G) . Second, we injected ngn1 morpholinos into the eggs of animals expressing a histone 2B-GFP transgene that allows the observation of mitotic events in primordial cells in vivo (12, 16) (data not shown). Neither experiment revealed an augmented mitotic rate within the migrating primordium of fish lacking neurogenin 1.
We also analyzed animals at 48 hpf and found no difference in the size or behavior of the second primordium between wild-type and ngn1 mutant animals (data not shown). Furthermore, larvae of both types bore an equivalent number of neuromasts at this stage ( Fig. 1 H and I) . Therefore, we conclude that the extra neuromasts in ngn1 mutants do not originate during the initial development of the lateral line, and in particular from larger or mitotically more active primordia.
Additional Neuromasts Develop from Interneuromast Cells. The observation that wild-type and ngn1 mutant animals are indistinguishable until 48 hpf indicates that additional neuromasts develop after the entire initial set of neuromasts has been deposited. Therefore, we used antibodies to claudin b and to HCS1, a hair cell-specific marker (Fig. 2) (19) , to analyze ngn1 mutant animals at 6-h intervals commencing at 48 hpf. Around 52 hpf, the interneuromast cells left behind by the migrating first primordium began to coalesce in small groups between primary neuromasts (Fig. 3 A and B) . These interneuromast cells divided mitotically (Fig. 3C) and, by 56 hpf, formed clusters resembling small proneuromasts (Fig. 3D) . These clusters had already constituted several new neuromasts by 72 hpf (Fig. 3E) . At 120 hpf, ngn1 mutants bore twice the number of mature neuromasts found in wild-type animals (Fig. 3F) . These results indicate that proliferating interneuromast cells are the source of the additional, intercalary neuromasts in ngn1 mutant zebrafish.
Lack of Glia Antecedes the Development of Extra Neuromasts.
Our previous results suggest that the development of extra neuromasts in ngn1 mutant fish stems from the absence of sensory innervation to the posterior lateral line. However, in an independent line of investigation, we discovered that colourless (cls) mutant zebrafish also form supernumerary neuromasts along the posterior lateral line. The time course of development of additional neuromasts in cls larvae matches that of ngn1 animals (Fig. 4 A-F and Movie 1, which is published as supporting information on the PNAS web site). The cls gene encodes sox10, a transcription factor associated with the development of nonectomesenchymal derivatives of the neural crest (17, 20, 21) . The absence of sox10 leads to deficient pigmentation and defective development of peripheral glia in the zebrafish, but does not affect the development of sensory axons innervating the lateral line (14, 17) . We used the monoclonal antibody 6D2, which recognizes a carbohydrate epitope of the piscine P 0 -like myelin glycoproteins IP1 and IP2 (22, 23) , to confirm that glial cells are absent along the horizontal myoseptum in both cls (Fig. 4 G and H) and ngn1 mutant larvae (Fig. 4 I and J) . Together, these observations indicate that the absence of glia, rather than that of sensory axons, is the most likely cause of supernumerary neuromasts in these mutant zebrafish.
Discussion
The number of neuromasts is highly regulated in wild-type zebrafish larvae (18, 24) . However, in ngn1 and cls mutants, more than twice the normal complement of neuromasts forms in the posterior lateral line. Because the posterior lateral-line ganglion fails to develop normally in ngn1 mutants, a possible explanation for the presence of extra neuromasts is that the entire posterior lateral-line placode constitutes a primordium that is consequently endowed with more cells before its migration commences. However, our results indicate that the primordia in ngn1 mutant fish are not significantly more populated than those in wild-type animals. Moreover, primordial cells in ngn1 mutant embryos proliferate at a normal rate. Finally, wild-type and mutant animals are indistinguishable at 48 hpf, indicating that additional neuromasts do not originate during the migration of the first and second primordia. Therefore, the formation of additional neuromasts cannot be explained by the presence of a larger pool of neuromast precursor cells.
We confirmed this inference by analysis of cls mutant zebrafish, which form sensory ganglia and primordia of a normal size, but also develop twice the normal number of neuromasts in the posterior lateral line. We used a combination of specific molecular markers and live imaging to establish that ngn1 and cls mutants begin to form extrasensory clusters after the primary set of neuromasts has been deposited, at Ϸ52 hpf. Additional neuromasts originate through the coalescence of mitotically active interneuromast cells in ngn1 and cls larvae. This finding suggests that the absence of a subset of neural crest-derived cells, rather than of sensory innervation, underlies the development of supernumerary neuromasts in these mutants.
The production of supernumerary neuromasts in the two mutant lines under investigation represents only a partial failure of the mechanisms that normally determine the distribution of these sensory organs. It is noteworthy that, despite their excess number, the resultant neuromasts are spaced in a highly regular array. Notwithstanding a deficit in the inhibitory inf luence that neural-crest derivatives ordinarily exert on the differentiation of interneuromast cells, an intact signaling system evidently continues to regulate the multiplication or coalescence of these cells.
In fishes and amphibians, neuromasts may have a dual origin from placodes and the neural crest (25) . Although the fate of neural-crest cells in the lateral line remains uncertain, these cells could associate with the interneuromast cells and prevent the later from forming more neuromasts. One likely possibility is that these cells differentiate as peripheral glia that traverse the path formed by the lateral-line nerve and accumulate along the posterior lateral-line nerve adjacent to the interneuromast cells. The initial neuromasts form in the absence of these glia, because the initial patterning of the lateral line is established within the moving primordium, ahead of the neural crest-derived glia (26) .
At later stages of development, zebrafish normally produce numerous neuromasts in addition to those deposited by the primordia. If interneuromast cells are the source of these new neuromasts, the proliferation observed in the mutant animals represents an acceleration of the normal developmental schedule triggered by the absence of neural crest-derived cells. The phenomenon reported here may thus represent an example of heterochrony, a change in the developmental timing of a particular structure relative to that of the remainder of a developing organism. Occurring in a sensory system, such a heterochronic change could contribute to a mutant animal's ability to colonize new ecological niches, avoid predators, or capture novel prey. By allowing the animal to outperform its predecessors, these traits could contribute to speciation. Although variations in developmental timing are evident during the formation of the lateral lines in various fish species, the cellular mechanisms underlying these changes remain unknown (9, 27) . We suspect that changes in the ability of neural crest cells to migrate, multiply, and survive influence the timing of development of neuromasts, thus underlying heterochrony at the organismal level (27, 28) .
Various Danio species display unique patterns of pigmentation that stem from changes in the development, migration, or survival of neural-crest derivatives such as melanocytes. By the same token, it may be valuable to analyze the development of neuromasts across the genus. The identification of the genes mutated in zebrafish with defects in the development and behavior of the neural crest and in the number of neuromasts 
